Introduction 36 There is growing evidence that the nanoscale organization of cell surface receptors plays an Estimation of the apparent assembly state n of the tracked VEGFR-2 particles from their 105 intensities and sequence of merging and splitting events (De Oliveira and Jaqaman, 2019; Jaqaman 106 et al., 2008) revealed a distribution of states, with more imm/conf particles in non-monomeric 107 states than mobile particles (Fig. 1F) . While a large fraction of the tracked particles had n = 1, 108 confirming that VEGFR-2 labeling and imaging were at the single-molecule level, a substantial 109 fraction had n > 1. Of note, because ~20% of the secondary Fab fragments had two fluorophores 110 ( Fig. 1F , "labeling with highly diluted Fab concentration"), this analysis could not reveal the 111 absolute assembly state of a detected particle. However, the fraction of VEGFR-2 with n > 1 was 112 41% for mobile particles and 48% for imm/conf particles, both significantly greater than 20% (p-113 value < 10 -15 ; Fig. 1F ). 114 To investigate further the relationship between VEGFR-2 mobility and interactions, we 115 focused on the dynamic particle merging and splitting events ( Fig. 1D ; Movie 4). We found that 116 mobile particles had a higher conditional probability of merging, especially with other mobile 117 particles ( Fig. 1G ). At the same time, merging events enriched the imm/conf mode (Fig. 1H ). This 118 was consistent with the observation that imm/conf particles had an overall higher assembly state 119 than mobile particles ( Fig. 1F ). For particles that stayed mobile after merging, there was some, 120 albeit not always significant, reduction in their diffusion coefficient ( Fig. 1I ). Splitting exhibited 121 the converse relationship, enriching the mobile mode ( Fig. 1J, K) . However, in contrast to the 122 merging probability, the dissociation rate was the same for both mobility modes (Fig. 1E) . 123 These analyses indicate that surface VEGFR-2 molecules in the plasma membrane of live, Focusing first on mobility, our analysis revealed that VEGF led to a gradual decrease over 146 time in the probability of the mobile mode of VEGFR-2, starting at 5-10 min after VEGF addition 147 ( Fig. 2B, C) . Also, but in contrast to the gradual shift in population from mobile to imm/conf, the 148 diffusion coefficient of mobile molecules (Dmobile) exhibited an almost immediate drop upon 149 VEGF addition, down to ~0.135 µm 2 /s (Fig. 2D ). The diffusion coefficient of imm/conf molecues 150 (Dimm/conf) did not change ( Fig. 2E) . These results indicate that VEGF has both a fast effect on 151 VEGFR-2 mobility, where it reduces Dmobile, and a slow effect, where it shifts the population of 152 VEGFR-2 molecules toward the imm/conf mode. The slow effect occurs on the same timescale as 153 the cellular signaling response (Fig. S1C, D) , while the fast effect is almost immediate. 154 155 VEGF enhances the probability of interactions between imm/conf VEGFR-2 molecules 156 Next we investigated the effect of VEGF stimulation on VEGFR-2 merging events, to determine 157 whether VEGF promotes VEGFR-2 interactions, as described by the classic model of VEGFR-2 158 activation (Ruch et al., 2007; Simons et al., 2016) . Interestingly, we found that VEGF stimulation 159 increased the conditional probability of merging for imm/conf-imm/conf particle pairs, but not for 160 events involving mobile particles (Fig. 2F ). However, in spite of this increase in merging 161 probability for imm/conf-imm/conf particle pairs, the overall rate of merging between VEGFR-2 162 particles decreased over time in the presence of VEGF (Fig. 2G ). This rate was for all particles 163 regardless of their mobility mode, akin to an overall association rate (but for only the labeled subset 164 of VEGFR-2 molecules). This reduction in merging rate upon VEGF addition reflected the fact 165 that most merging events involved mobile particles (as reflected by their much higher merging 166 probability ( Fig. 2F) ), the fraction and diffusion coefficient of which decreased in the presence of 167 VEGF (Fig. 2C, D) . 168 These results suggest that the canonical model applies to interactions between imm/conf 169 VEGFR-2 molecules, most likely because imm/conf receptors are limited to sampling a very small 170 area of the cell surface, if any at all, and thus have a very low chance of encountering other 171 imm/conf receptors on their own. In this case, VEGF, which is a constitutive dimer (Ferrara et al., much higher chance of encountering other receptors on their own, and VEGF does not seem to 174 increase their interaction probability further. 175 176 VEGF binds to both VEGFR-2 monomers and pre-existing non-monomers on the EC surface 177 The above analysis provides evidence that the canonical model of VEGFR-2 activation applies to 178 a subset of VEGF-VEGFR-2 binding events on the surface of pHMVECs. To investigate to what 179 extent the alternative model of VEGF binding to pre-existing VEGFR-2 dimers (Sarabipour et al., 180 2016) applies I the native cellular context, we performed simultaneous 2-color TIRFM imaging of 181 VEGFR-2 (labeled as above) and VEGF (conjugated with Atto488, which did not interfere with 182 VEGF function ( Fig. S1E, F) ). To increase the chance of observing colocalization between a 183 labeled VEGFR-2 molecule and a labeled VEGF molecule, we labeled VEGF at a relatively high 184 density (40% of the 2 nM dose was labeled). At this density, we were still able to detect single-185 particles of VEGF using Gaussian mixture-model fitting (Jaqaman et al., 2008) . However, the 186 density was sometimes too high for reliable tracking of labeled VEGF particles. Therefore, we 187 tracked VEGFR-2 particles as above, and then associated VEGFR-2 tracks in each frame with co-188 localized VEGF particle detections ( Fig. 3A ; Movie 5). With this, we analyzed the interactions, 189 assembly state and mobility of VEGFR-2 in the context of its association with VEGF, within the 190 framework of TCA.
191
Consistent with the global mobility trends observed above ( Fig. 2C , D), this analysis 192 revealed that, at the level of individual VEGFR-2 molecules, VEGF association both promoted the 193 switch from mobile to imm/conf (Fig. 3B ), and the reduction in Dmobile for receptors that stayed 194 mobile while associated with VEGF ( Fig. 3C ). Interestingly, we found that a larger fraction of 195 imm/conf VEGFR-2 particles got associated with VEGF than mobile VEGFR-2 particles, 196 implying that VEGF had a higher probability to bind to VEGFR-2 already in the imm/conf mode 197 ( Fig. 3D ). We reasoned that this could be because of the overall higher assembly state of imm/conf 198 particles ( Fig. 1F ), which could increase the avidity of VEGF-VEGFR-2 binding (Fuh et al., 1998; 199 King and Hristova, 2019).
200
The assembly state of VEGFR-2 particles positive for labeled VEGF was indeed higher 201 than that of VEGFR-2 particles negative for labeled VEGF, and it increased over time ( Fig. 3E ).
202
This analysis could however not inform us whether VEGF bound to monomers that then associated 203 with each other, or whether it bound to pre-existing non-monomers. To distinguish between these 204 two scenarios, we measured the waiting time from the start of each VEGFR-2 track to its moment 205 of labeled VEGF association. We found a wide range of waiting times for tracks of any assembly 206 state ( Fig. 3F ), indicating that many VEGF-VEGFR-2 association events occurred with pre-207 existing VEGFR-2 non-monomers. To investigate this issue further, we analyzed the relationship 208 between VEGFR-2 merging events and VEGF association. Here also we found that, among the 209 merging events that were positive for labeled VEGF, in half of them the association with VEGF 210 occurred only after the merge of the two VEGFR-2 particles ( Fig. 3G ).
211
These analyses provide evidence that a good fraction of VEGF associates with pre-existing 212 VEGFR-2 non-monomers, consistent with the alternative model of VEGF-VEGFR-2 binding and 213 activation (Sarabipour et al., 2016) . In light of the observation above that VEGF promotes 214 interactions between imm/conf VEGFR-2 molecules, this suggests that the canonical and 215 alternative models of VEGF-VEGFR-2 binding and activation co-exist in the native context, 216 interestingly in a receptor mobility-dependent manner. Our data also suggest that many VEGF-217 VEGFR-2 binding and activation events follow an "in-between" model, where VEGF binds to a 218 VEGFR-2 monomer, which then dimerizes with another VEGFR-2 monomer, but without any 219 ligand-induced enhancement ( Fig. 2F ). 220 221 VEGF stabilizes VEGFR-2 interactions 222 The simultaneous 2-color imaging experiments of VEGFR-2 and VEGF also allowed us to assess 223 the effect of VEGF association on the stability of VEGFR-2 interactions, by comparing the 224 dissociation rate of interaction events positive for VEGF to that of events negative for VEGF. Of 225 note, because of labeling only 40% of VEGF molecules, some interaction events in the negative 226 group could be bound to unlabeled VEGF, which would be invisible. Nevertheless, we found that 227 the dissociation rate of interaction events positive for labeled VEGF was about half that of 228 interaction events negative for labeled VEGF (Fig. 3H ), indicating that association with VEGF 229 stabilizes VEGFR-2 interactions. This stabilization most likely underlies the overall increase in binding itself or because of VEGFR-2 phosphorylation and activation. To distinguish between 238 these two scenarios, we performed single-molecule imaging followed by TCA for pHMVECs in 239 the presence of the VEGFR phosphorylation inhibitor AAL-993 (Manley et al., 2002) , using a 30 240 nM dose for 1 hour, which largely abolished VEGFR-2 activation by VEGF ( Fig. S1C, D) . These 241 experiments also allowed us to investigate the role of VEGFR-2 phosphorylation in unstimulated 242 cells, as previous studies have provided evidence for VEGFR-2 phosphorylation resulting from 243 unligated dimerization (Sarabipour et al., 2016) . While weak, we did in fact observe a slight 244 reduction in VEGFR-2 phosphorylation in the presence of AAL-993 in unstimulated pHMVECs 245 ( Fig. S1C, D) . 246 Diffusion analysis and TCA revealed that the two mobility modes of VEGFR-2 were 247 conserved also in the presence of AAL-993, but now with a shift toward the mobile mode (i.e. 
249
Parallel to the increase in mobile VEGFR-2 particles, there was a mild increase in the merging rate Through live-cell single-molecule imaging and a pipeline of automated image analysis and 261 multiscale data analysis, we have exposed the previously unknown dynamic nanoscale 262 organization of VEGFR-2 in its native plasma membrane on the EC surface and shed light on the 263 interplay between this organization, ligand binding and receptor activation. We found that 264 VEGFR-2 molecules on the surface of pHMVECs exhibit heterogeneity in both mobility and 265 assembly state, where they can be mobile or imm/conf, both of which can be monomeric or non-266 monomeric, even in unstimulated cells ( Fig. S3A -C). The mobile mode promotes VEGFR-2 267 encounters and interactions, which in turn enrich the imm/conf mode. The relationship however is 268 not one-to-one: Many molecules remain mobile after interacting with each other, and, conversely, 269 some imm/conf molecules appear to be monomeric. While the propensity for interactions depends 270 on mobility mode, the dissociation rate of non-monomeric states is similar between the two modes.
271
Our work provides the first evidence that unligated VEGFR-2 molecules, expressed The partitioning of VEGFR-2 into two mobility modes is most likely due to many factors, 287 and our work sheds light on these factors and their relationship to receptor activation. Specifically, 288 we have found that VEGFR-2 phosphorylation promotes the imm/conf mode, even in unstimulated Our experiments and analyses demonstrate an intricate relationship between receptor 301 mobility and interactions, leading to distinct effects of ligand and receptor activation steps based 302 on the mobility of individual receptors. This highlights the need to study receptors in their native 303 cellular environment in order to achieve a comprehensive understanding of receptor nanoscale 304 organization, the factors that regulate it, and its relationship to receptor signaling. Live-cell single-305 molecule imaging is ideally suited for these purposes. Rigorous analytical approaches similar to 306 (and building on) the approaches that we have developed here will be critical for making full use 307 of the rich information contained in live-cell single-molecule imaging data in order to tease out 308 the "rules" of molecular behavior and link them to their emergent cellular outcomes. coefficients before and after merging events that produce a mobile particle. If the two particles 347 before merging have the same mobility mode (both mobile or both imm/conf), the displayed 348 diffusion coefficient is the average of their two diffusion coefficients. If one particle is mobile and 349 the other is imm/conf, then only the mobile particle diffusion coefficient is shown. (J) Probability VEGFR-2 diffusion coefficients before and after splitting events that originate in a mobile particle. averaging over the current frame, the frame before, and the frame after. VEGFR-2 mobility analysis. The diffusion coefficient D of each VEGFR-2 particle with track 539 duration ≥ 5 frames was calculated from its frame-to-frame displacement and localization 540 precision, as previously described . Tracks with duration < 5 frames were 541 not used for mobility analysis. As described in the main text, D followed a bimodal distribution 542 under all conditions (Fig. 5A) . Thus, each VEGFR-2 track was classified as either mobile or 543 immobile/confined, based on whether its diffusion coefficient was greater than or less than the 544 classification threshold, respectively. The classification threshold was taken as 0.032 µm 2 /s for all 545 conditions in one-channel streams (at the trough between the two modes). In the case of two-546 channel data, the distribution of VEGFR-2 diffusion coefficients was shifted slightly toward higher 547 values, most likely because of the reduced localization precision in these data due to the images' 548 lower signal-to-noise ratio. Thus the classification threshold was shifted to 0.046 µm 2 /s in two-549 channel data, to coincide with the trough between the two modes in this condition. 550 551 VEGFR-2 assembly state and dissociation rate estimation. The apparent assembly state for the 552 labeled subset of VEGFR-2 molecules was calculated from the particle intensities and their 553 sequence of merging and splitting events as described in (De Oliveira and Jaqaman, 2019) 554 (https://github.com/kjaqaman/FISIK). This analysis required the mean intensity of an individual 555 fluorophore, which was estimated per imaging stream by decomposing the distribution of detected 556 particle intensities in the first 5 frames of the stream into a superposition of multiple modes 557 corresponding to 1, 2, 3, etc. fluorophores (Jaqaman et al., 2011) . Each mode was taken as a log-558 normal distribution, where the mean and standard deviation of mode n were (approximately) n 559 times those of mode 1 (Mutch et al., 2007) . The fit was achieved using least squares, and the 560 number of modes was determined using the Bayesian Information Criterion for model selection 561 (Jaqaman and Danuser, 2006) . With this, the mean individual fluorophore intensity was obtained 562 per imaging stream, and then used to estimate the assembly state of each particle as described in 563 (De Oliveira and Jaqaman, 2019). The dissociation rate per assembly state was then calculated 564 from the transitions between assembly states as described in (De Oliveira and Jaqaman, 2019). Second, the association history per track was used to distinguish spurious associations from 575 reliable ones. Specifically, a VEGFR-2 track was considered to reliably associate with VEGF if 576 the association history satisfied the following two conditions: (i) Its association flag = 1 in at least 577 three frames. (ii) Its association flag = 1 for at least 10% of the frames between its first frame of 578 VEGF association and last frame of VEGF association (e.g., if the first frame of VEGF association 579 is frame 11, and the last frame of VEGF association is frame 50, then the association flag should 580 be 1 for at least 0.1 × 40 = 4 frames). For tracks considered to reliably associate with VEGF, the 581 average fraction of time associated with VEGF was 57% of their duration (34% of the tracks were 582 associated with VEGF for 90% of their duration).
583
With this, each VEGFR-2 track reliably associated with VEGF was divided into the 584 interval before VEGF association and the interval during VEGF association for further analysis as 585 needed (e.g. VEGFR-2 mobility). Note that if the VEGF-VEGFR-2 association was lost in some 586 later frame, a VEGFR-2 track would then also have an interval after VEGF association, but this 587 was not used for any analysis in our study. properties related to receptor interactions (as seen in Fig. 3F , the rate of merging is on the order to 602 10 -5 /s/particle), the individual cell measurements could exhibit relatively large fluctuations from 603 cell to cell. In this case, the grouping was done at the level of the tracks within the cells of interest.
604
Specifically, the single-molecule property (e.g. dissociation rate) was calculated from all the tracks 605 combined, and the standard deviation of that property was calculated via bootstrapping (using 100 606 bootstrap samples). This standard deviation was equivalent to the standard error of the mean of 607 individual cell measurements. In this case, the figures display the property as calculated from the 608 combined tracks and the standard deviation from bootstrapping (e.g. Fig. 2C or Fig. 4B ).
609
Note that, when such analysis was performed on unstimulated cells, all cells were grouped 610 together, as VEGFR-2 properties did not vary over time in that case (e.g. Fig. 3C and Fig. 4E ). On 611 the other hand, when such analysis was performed on stimulated cells, a time interval of 10 minutes 612 was used, thus separating the early and late trends in VEGFR-2 behavior upon VEGF addition (0-613 10 min and 10-20 min after VEGF addition, respectively). A 10-minute time interval was used 614 instead of a 5-minute time interval (as done above) in order to further reduce measurement noise. conditions were compared using a paired t-test. In other words, time courses without VEGF 631 stimulation had 5 data points (e.g. Fig. 5B ), while time courses with VEGF stimulation had 4 data 632 points (corresponding to the time intervals after VEGF addition; e.g. Fig. 5C ). In this case, 633 significant differences are indicated by a square bracket and an asterisk at the end of the time 634 course plot (e.g. Fig. 5B ). The reasoning behind this test was that temporal persistence in a trend 635 (e.g. one condition being always higher than the other) might indicate a significant difference, even 636 if the difference is not strong enough to detect on a per time interval basis.
637
For properties calculated by first combining all tracks for a group of cells (data aggregation 638 strategy 2, described in the previous section), the property standard deviation was obtained via 639 bootstrapping, and was equivalent to the standard error of the mean of individual cell 640 measurements. In this case, to compare conditions (or time intervals) 1 and 2, with property values 641 µ1 and µ2, and variances v1 and v2, the difference between them, µ1 -µ2, was taken to follow N(0, 642 v1+v2). This distribution was then used to calculate the p-value to assess the difference between Representative Western blot from HMVECs incubated for 4 h in the presence of 5 µg/ml of either nonspecific IgG1 or the anti-VEGFR-2 monoclonal antibody EIC, and stimulated or not with 2 nM VEGF for 10 minutes. Expression of phosphorylated VEGFR-2 (Y1175 pVEGFR-2) and total VEGFR-2 were detected, as described in Materials and Methods. (B) Phosphorylated VEGFR-2 expression relative to total VEGFR-2 expression, measured by densitometry, from N = 4 Western blot repeats. Continued on next page … Figure S1. Validation of reagents (continued). Error bars: standard error of the mean. No significant difference was observed between cells treated with IgG1 or EIC antibodies (ns: not significant (p > 0.05, Student's t-test)). (C-D) Time course of VEGFR-2 phosphorylation in the presence or absence of VEGF and/or AAL-993. (C) Representative Western blot from HMVECs stimulated or not with 2 nM VEGF for 5 or 10 minutes, in the presence or not of the VEGFR-2 phosphorylation inhibitor AAL-993 (treatment with 30 nM for 1 h). Expression of phosphorylated VEGFR-2 (Y1175 pVEGFR-2), total VEGFR-2, and GAPDH were detected, as described in Materials and Methods. (D) Phosphorylated VEGFR-2 expression relative to total VEGFR-2 expression, measured by densitometry, from N = 3 Western blot repeats. Error bars: standard error of the mean. Asterisks and ns (not significant): p-value < 0.05 and p-value > 0.05, respectively (Student's t-test). As expected, VEGF leads to significant VEGFR-2 phosphorylation within 5 min, and this is largely abolished in the presence of AAL-993. (E-F) Validation of Atto488-VEGF. (E) Representative Western blot from HMVECs stimulated or not with 2nM VEGF or 2 nM Atto488-VEGF (of which 40% is actually labeled) for 5 minutes. Expression of phosphorylated VEGFR-2 (Y1175 pVEGFR-2), total VEGFR-2, and GAPDH were detected, as described in Materials and Methods. (F) Relative normalized expression of phosphorylated VEGFR-2, measured by densitometry, from N = 3 Western blot repeats. Error bars: standard error of the mean. No significant difference was observed between cells treated with VEGF or Atto488-VEGF (ns: not significant (p > 0.05, Student's t-test)).
Figure S2. Effect of phosphorylation inhibition on the merging rate of VEGFR-2. (A-B)
Time courses of the merging rates in unstimulated cells in the absence (black) or presence (orange) of 30 nM AAL-993 (A), or in cells stimulated with 2 nM VEGF in the absence (magenta) or presence (green) of 30 nM AAL-993 (B). Dots, lines and surrounding shaded areas, and vertical magenta line as in Fig. 2C . Asterisks: p-value < 0.03 for comparing the total time course between conditions using a paired t-test (in (B) the comparison is only for the time intervals after VEGF addition). N as in Fig. 4 . Figure S3 . Schematic of VEGFR-2 spatiotemporal organization and its relationship to VEGF in pHMVECs. (A) In unstimulated cells, VEGFR-2 can be mobile (red; ~35%) or imm/conf (blue; ~65%), and has a distribution of assembly states, with more imm/conf molecules than mobile molecules in non-monomeric states. Boxed regions are used to illustrate examples of the interplay between mobility and interactions in (B-C). (B-C) Example illustrations of one mobile monomer and one imm/conf monomer associating to produce a mobile dimer (B), and of two mobile monomers associating to produce an imm/conf dimer (C). The examples illustrate a sequence of events, showing the molecules when separate (separate dots) and upon interacting with each other (paired-dots). The dot colors reflect the molecules' mobility mode moving forward. Molecule movement is indicated by jagged lines colored by mobility mode, with arrows indicating direction of movement. While these two examples are not comprehensive, they reflect that the mobile mode promotes interactions, which in turn enrich the imm/conf mode, but without a simple one-to-one relationship between mobility and assembly state. (D) VEGF binds to VEGFR-2 monomers and pre-existing non-monomers. VEGF symbol is not drawn to scale. Boxed regions are used to illustrate examples of the interplay between VEGF binding and VEGFR-2 mobility and interactions (E-F). (E-F) Example illustrations of VEGF binding to a pre-existing mobile dimer, such that the ligated dimer slows down and eventually switches mobility to imm/conf (E), and of VEGF binding to a mobile monomer, which then associates with an unligated mobile monomer, producing a ligated imm/conf dimer. The illustration style follows that in (B-C). Again, while these two examples are not comprehensive, they reflect that VEGF can bind monomeric and nonmonomeric VEGFR-2 and that VEGF binding slows down mobile VEGFR-2 and promotes the imm/conf mode of VEGFR-2 mobility, which depends on VEGFR-2 phosphorylation (not illustrated). Movie 5: Example of a VEGFR-2 particle associated with a VEGF particle. Example is from 48 a 10 Hz/20 s simultaneous two-channel TIRF imaging stream of VEGFR-2 labeled with RRX (left 49 image) and Atto488-VEGF (right image). The VEGFR-2 track is overlaid on both images as a red 50 circle followed by a light pink tail, while the associated VEGF particle is overlaid on the right 51 image as a cyan circle. Image size is 3.2 × 3.2 µm 2 .
Movie legends

